Objectives: Alzheimer's disease (AD) and behavioral variant frontotemporal dementia (bvFTD) are among the leading causes of early-onset dementia. This study aimed to assess the rate of whole brain atrophy by comparing bvFTD and AD. Methods: Two patients (one man with AD, and one woman with bvFTD) had neuropsychological and neuroimaging assessment by using automated techniques for cross-sectional and longitudinal atrophy measurements. Results: In the patient with AD, magnetic resonance imaging (MRI) showed decreased bilateral hippocampal and mesial-temporal volume. However, conventional images showed no difference between baseline (T0) and after 1 year (T1). In the patient with bvFTD, MRI showed bilateral frontotemporal lobe atrophy and a moderate increase in atrophy between T0 and T1, particularly in the temporal lobes. A cross-sectional cerebral volume examination showed a considerable reduction in brain volume in the patient with bvFDT and a moderate reduction in the patient with AD. A longitudinal cerebral volume examination showed a lower percentage brain volume change in the patient with bvFTS compared with the patient with AD. Conclusions: Our results suggest that bvFTD has more neurodegenerative progression. MRI findings should be considered as a reliable marker of disease progression in the brain. Our findings offer potential for monitoring treatment outcomes.
Introduction
Alzheimer's disease (AD) and behavioral variant frontotemporal dementia (bvFTD) are among the leading causes of early-onset dementia. [1] [2] [3] [4] [5] The revised diagnostic criteria for AD include disproportionate atrophy on structural magnetic resonance imaging (MRI) in the medial, basal, and lateral temporal lobes, and medial parietal cortex. 3 Diagnostic criteria for bvFTD include disproportionate atrophy in the frontal, insular, or anterior temporal lobe. 5 Assessment of disease progression in dementia is a pressing modern challenge to understanding its natural history and for evaluating the therapeutic response, especially in AD and bvFTD where signs and symptoms are overlapping. Changes in regional and global brain atrophy over time, which are detectable in vivo by MRI, are extensively used as a sensitive and objective marker of disease progression. These changes may also provide outcome measures in clinical trials to evaluate the efficacy of potentially disease-modifying treatments.
The condition of bvFTD is characterized by early and progressive changes in personality, emotional blunting, and/or loss of empathy. Patients with bvFTD experience difficulty in modulating behavior, and this often results in socially inappropriate responses or activities. 6 These patients show a deficit in executive functioning, including attentional control, inhibitory control, working memory, cognitive flexibility, reasoning, problem solving, and planning. Therefore, cognitive deficit in patients with bvFTD is characterized by alteration in different areas of the prefrontal cortex. Memory, constructive praxis, and spatial orientation skills are generally preserved in the early stages of this disease.
In contrast, the earliest and most common clinical manifestation of AD is impairment in episodic memory, which is the incapacity to consciously retrieve a previously experienced item or specific episode in life. 7 Indeed, the earliest neurofibrillary changes in AD usually occur in medial temporal lobe structures (hippocampus, entorhinal cortex), with interruption of the neural network, which is critical for episodic memory function. 8 Recently, whole brain atrophy rates in AD were reported to range from 1% to 4% per year, while atrophy rates in similarly aged people without AD ranged from 0.3% to 0.7% per year. 9 The majority of regional cerebral atrophy studies in AD versus bvFTD are cross-sectional, [10] [11] [12] [13] [14] while there is a paucity of longitudinal studies. A previous study showed a greater reduction in orbitofrontal grey matter and temporal white matter (WM) structures in bvFTD than in AD over 12 months. 15 A longitudinal study 16 of cortical and subcortical atrophy showed that patients with AD had greater cortical atrophy in the bilateral inferior parietal cortex and in the right posterior cingulate cortex/percuneus than did those with bvFTD. Furthermore, patients with bvFTD had greater atrophy in the striatum than did those with AD over time.
To the best of our knowledge, no studies have evaluated the rate of whole brain atrophy by comparing bvFTD and AD directly. We report here one patient who was affected by AD and one who was affected by bvFTD, and they were followed up to 12 months. Whole brain atrophy rates over time were evaluated by using Structural Image Evaluation, Using Normalization, of Atrophy (SIENA)-and Structural Image Evaluation, Using Normalization, of Atrophy Cross-sectional (SIENAX)normalized measurements. Additionally, the annual change in the whole brain profile that was calculated for each subject from two MRI scans was correlated with results of clinical and neuropsychological testing.
Materials and methods
Two patients (one man with AD, 55 years old and one woman with bvFTD, 57 years old, disease duration for 4 years for both patients) had baseline clinical and neuropsychological assessment. The patients were originally requested to attend two imaging visits at 0 and 12 months from baseline. These time points were selected to provide a range of different intervals over which cognitive impairment and brain atrophy could be determined.
Diagnosis was reached by consensus according to current clinical diagnostic criteria for typical AD (i.e., amnestic presentation) or probable bvFTD 3,5 following a comprehensive clinical assessment. This assessment included neuropsychological assessment and a structural magnetic resonance imaging (MRI) brain scan. The two patients were matched for age, sex, education and disease duration. Five healthy controls were selected and matched to the patients according to age, sex, and education for baseline comparisons. Exclusion criteria included degenerative neurological disease (other than AD or bvFTD for the patients) and contraindication to MRI. The study was approved by the local research ethics committee and written consent was obtained.
Neuropsychological assessment was performed at baseline (T0) and after 1 year (T1) by using the Mini Mental State examination (MMSE) and Brief Neuropsychological Examination (ENB2). 17 The MMSE was used to screen cognitive decline. The ENB2 battery was used to investigate the following different cognitive domains: attention, memory, executive functions, perceptive and praxis abilities. The ENB2 includes the following 16 subtests for five cognitive domains: digit span, immediate and delayed recall prose memory, interference memory (10 and 30 seconds), trail making test parts A and B, token test, word phonemic fluency, abstraction, cognitive estimation, overlapping figures, spontaneous drawing, copy drawing, clock drawing, and ideational and ideomotor praxis tests. An ENB2 total score was calculated to obtain a general measure of the cognitive status.
Two patients and the five controls underwent an MRI examination by using a 3.0 T magnetic resonance scanner (Achieva; Philips Healthcare, Best, the Netherlands) at T0 and T1. Identical conventional T1-weighted three-dimensional fast field echo images used for brain volume analysis (repetition time/echo time ¼ 8.2/3.7 ms, 256 Â 256 matrix, 1 Â 1 Â 1-mm acquisition voxel MPS, 1 signal average, 250-mm field of view, 180 slices of 1-mm thickness, sagittal orientation) were acquired in each subject.
We used the automated techniques SIENAX and SIENA 18 for cross-sectional and longitudinal atrophy measurements, respectively. These methods are part of the FMRIB software library, which is freely available for academic use (http: //www. fmrib.ox-.ac.uk/fsl). SIENAX uses the cross-sectional version of structural image evaluation using the normalization of atrophy method 18 to estimate global and regional brain tissue volume, which is normalized for the subject's head size. Brain volume was calculated by measuring the difference in volumes inside a mesh over the exterior surface of the brain and inside the ventricles. A partial volume correction was used to limit the effect of cerebrospinal fluid within the cerebral sulci. The algorithm extracted the skull and brain masks from an image at one time point. The brain image was then affine-registered to a canonical image (MNI152 image) in a standardized space (using the skull image to provide the scaling cue). This procedure provided a spatial normalization (scaling) factor for each subject. Tissue-type segmentation with partial volume estimation was then performed to calculate the total volume of brain tissue, including separate estimates of volumes of grey matter, WM, and ventricular cerebrospinal fluid. 18 Finally, standard space masks were used to provide estimates of ventricular cerebrospinal fluid and peripheral grey matter volumes. 20 All volumetric outputs are provided as normalized for head size and un-normalized. The primary output is referred to as total normalized brain volume.
SIENA was used to assess changes in brain volume by directly estimating the local shifts in brain edges across the entire brain and then converting the edge displacement into a global estimate of percentage brain volume change (PBVC) between the two time points. SIENA was started by extracting brain and skull images from two time point whole head input data. 18 For each individual subject, the baseline and follow-up brain images were aligned to each other 20 using the skull images to constrain the registration scaling. Both brain images were then resampled halfway into the standard space. Tissue-type segmentation was then carried out 21 to identify brain/non-brain edge points, and then perpendicular edge displacement (between the two time points) was estimated at these edge points. Finally, the mean edge displacement across the whole brain was converted into a global estimate of PBVC between the two time points.
Interaction effect analysis (improved time) was performed by calculating the T1-T0 differences to report the frequency and variance of cognitive clinical scores. Analyses were performed using an open source R3.0 software package (www.r-proj ect.org).
Results
We found mild cognitive impairment in both patients at T0 (Table 1 ). In particular, the patient with AD showed impairment of memory (immediate and delayed recall), and impaired attention and visuo-spatial orientation. The patient with bvFDT presented with greater impairment in executive functions (trail making test B) and in language performance (word phonemic fluency) compared with the patient with AD (Table 1) . At follow-up (T1), we observed greater global cognitive decline in the patient with bvFDT compared with the patient with AD, with severe impairment in memory, attention, and in executive function. In particular, we observed a worse performance (100%) in abstraction and cognitive estimation. The patient with bvFDT showed greater impairment compared with the patient with AD ( Table 1) . These data were partially confirmed by structural MRI. In the patient with AD, MRI showed bilateral hippocampal and mesial-temporal decreased volume, which was associated with high-signal intensity of the hippocampi and ex vacuo bilateral enlargement of the temporal horn. However, conventional images showed no significant differences between T0 and T1 (Figure 1 ). In the patient with bvFTD, conventional MRI showed bilateral frontotemporal lobe atrophy and a moderate increase in atrophy between T0 and T1, particularly in the temporal lobes ( Figure 2) .
A cross-sectional cerebral volume examination, which was performed by automatic SIENAX software, showed a considerable reduction in brain volume in the patient with bvFDT compared with controls as follows: grey matter, À14.33%; WM, À1.09%; and normalized brain volume, À7.94%. The patient with AD showed a moderate reduction in brain volume compared with controls as follows: grey matter, À0.24%; WM, À3.16%; and normalized brain volume, À1.44% (Figure 3) . A longitudinal cerebral volume examination, which was performed by SIENA software, showed a lower PVBC (À5.06%) in the patient with bvFTS compared with the patient with AD (À1.83%) (Figure 3 ).
Discussion
This study examined patterns of whole and cortical atrophy in the two most common younger-onset dementia syndromes, AD and bvFTD. We found disease-specific decreased cortical cerebral volume and expression of neurodegeneration was related to disease progression. Specifically, our structural MRI findings showed that the patient with AD had decreased bilateral hippocampal and mesial-temporal volume, with no difference between T0 and T1. In the patient with bvFTD, conventional MRI showed bilateral frontotemporal lobe atrophy and showed a moderate increase in atrophy between T0 and T1.
An automatic longitudinal cerebral volume examination showed a considerable reduction in brain volume in the patient with bvFDT and a moderate reduction in the patient with AD. Additionally, the patient with AD showed decreased grey matter volume, and even greater reduction in WM, as previously reported. 22 The pathophysiological association between WM damage and cortical changes in AD is currently unclear. Changes in WM might be secondary to cortical degeneration. Alternatively, other causes could generate WM and cortical damage in AD, such as co-existing vascular injury or neurodegenerative pathogenesis of AD. Therapeutic interventions specifically targeting processes related to deterioration of WM might slow progression of the disease and should thus be considered. 23 These findings were associated with neuropsychological data. The patient with AD showed impairment in memory (immediate and delayed recall), and impairment in attention and visuospatial orientation. The considerable decrease in grey matter volume in the patient with bvFTD was associated with worse cognitive scores and expression of more progressive degeneration. In fact, a longitudinal cerebral volume examination showed a lower PVBC in the patient with bvFTS compared with the patient with AD. The different profiles of progression of atrophy suggest that each syndrome is associated with a distinct pattern of disease propagation, and is most likely driven by its specific underlying pathology.
Prospective, longitudinal imaging studies of dementia are difficult to conduct. Our findings, even if limited to two single subjects, indicate that deficits in grey matter and WM may represent a diagnostic biomarker for differential progression of AD and bvFTD. Additionally, over 1 year, the patient with bvFTD showed a greater decrease in brain volume compared with the patient with AD, as shown by automatic evaluation and only partially confirmed by conventional structural MRI. Information on the location and severity of brain atrophy in these patient populations and their evolution over time is likely to be informative for diagnosis of these progressive neurodegenerative disorders. Our results suggest that bvFTD has a more neurodegenerative progression than AD, as shown by neuropsychological assessment. These findings should be considered as reliable markers of disease progression in the brain, and could provide potential for monitoring treatment outcome in future drug trials.
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